The basic disaccharide structure recognized by galectin family members is the lactosamine-like structure Galb b1-4(3)Glc(NAc). The 32-kDa galectin LEC-1 of the nematode Caenorhabditis elegans is composed of two domains, each of which is homologous to vertebrate 14-kDa-type galectins. The N-terminal lectin domain of LEC-1 recognizes blood group A saccharide (GalNAca a1-3(Fuca a1-2)Galb b1-3GlcNAc), whereas this saccharide is poorly recognized by the C-terminal domain. Using a combination of site-directed mutagenesis and analysis of the sugar-binding profile by frontal affinity chromatography, we previously found that Thr 41 in the N-terminal lectin domain of LEC-1 is important for its affinity for A-hexasaccharide. Thr 41 is located on b b-strand S3, next to the three b b-strands S4-S6, where the conserved amino acids form the binding site for the basic Galb b1-4(3)Glc(NAc) structure. Here, we report that a second amino acid, Asp 133 , in the N-terminal lectin domain of LEC-1, located on the b b-strand S2 adjacent to that containing Thr 41 , is important for LEC-1-specific recognition of A-hexasaccharide. These results suggest that amino acid residues other than those located on the three b b-strands S4-S6, contribute to the unique sugar binding specificity of individual galectins.
Galectins are a group of animal lectins defined by their binding specificity for b-galactosides and by an evolutionarily conserved sequence motif in their carbohydrate-recognition domains. Galectins are involved in a wide variety of biological phenomena, including development, cell differentiation, tumor metastasis, apoptosis, RNA splicing, and regulation of immune function. [3] [4] [5] [6] [7] [8] Galectins can be classified into three types based on their molecular architecture: proto-type, chimera-type, and tandem-repeat type. LEC-1, the 32-kDa galectin of the nematode Caenorhabditis elegans, was the first example of a tandem repeat-type galectin composed of two homologous regions. 9, 10) Using a reinforced frontal affinity chromatography system, [11] [12] [13] we demonstrated that individual galectins have acquired a unique sugar-binding specificity. Thus, while all galectins recognize the basic disaccharide units (Galb1-4(3)Glc(NAc)), individual galectins show enhanced affinity for either "branched", "repeated", or "substituted" glycans, presumably resulting in specialized biological functions. For example, galectin-3 has been shown to have a high affinity for blood group A saccharide (GalNAca1-3(Fuca1-2)Galb1-3GlcNAc), 14, 15) whereas other galectins, such as galectin-1, lack this feature. Although the eight highly conserved amino acid residues in galectins are known to be important for the recognition of the basic disaccharide unit, [16] [17] [18] [19] [20] [21] there is little information concerning which other amino acid residues might contribute to specific sugar recognition. According to several X-ray crystallographic studies of galectins, [19] [20] [21] the highly conserved amino acid residues that form sugar-binding sites for Galb1-4(3)Glc(NAc) are all located in the three b-strands S4-S6 in the six-stranded bsheet (b-strands S1-S6) facing the bound sugar. Amino acid residue(s) responsible for specific sugar recognition may exist in b-strands other than S4-S6, and identification of these residues should help elucidate the binding mechanisms and biological functions of galectins.
In a previous study, we analyzed the detailed sugar-binding properties of the two domains of the 32-kDa tandem repeat-type galectin LEC-1 from the nematode C. elegans using frontal affinity chromatography. 22) We showed that the isolated N-terminal lectin domain of LEC-1 (LEC-1N) has a high binding affinity for (GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-3Galb1-4Glc-PA) whereas the isolated C-terminal lectin domain (LEC-1C) has a very low binding affinity for this sugar. In contrast, Fuca1-2Galb1-3GlcNAcb1-3Galb1-4Glc-PA (H Antigen) was recognized by both domains.
Upon consideration of the X-ray crystal structure of LEC-1 in complex with galactose, 23) as well as the X-ray crystal structures of other galectins, we predicted that several nonconserved amino acids in LEC-1N may modulate specific sugar binding. These amino acids are located on the bstrands facing the sugar-binding site and would be close enough to GalNAca1-3 and Fuca1-2 structures attached to Galb1-3GlcNAc in the bound A-hexasaccharide to modulate recognition and binding. Indeed, in a previous study, 24) we reported that Thr 41 , located on the b-strand S3, that is next to the three b-strands (strands S4 to S6; see Fig. 1 ) containing the highly conserved amino acid residues, plays an important role in specific sugar recognition.
Here we report that a second amino acid residue, Asp 133 , located on a different b-strand S2, that is next to S3, but is further from the S4-S6 strands, is also important for specific recognition of A-hexasaccharide by LEC-1N.
MATERIAL AND METHODS

Chemicals Pyridylaminated
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were purchased from Takara Biomedicals (see Fig. 2 for structures). HiTrap NHS-activated columns (activated agarose gel) were purchased from GE Healthcare. Empty stainless steel columns (4.0ϫ10 mm; bed volume, 0.126 ml) were obtained from GL Sciences, Inc. All other chemical reagents were analytical grade.
Construction of LEC-1 Wild-Type and Its Asp 133 Mutant (D133C)
The LEC-1 wild type cDNA has been described previously. 10) The LEC-1 cDNA was mutated at Asp 133 by substitution of Cys for Asp. For construction of the mutant, a cDNA fragment of LEC-1 cDNA in the pET21a expression vector 26) was cloned into pALTER-1 using the Xba I and Hind III sites. Mutagenesis was then carried out using the Altered Sites II in vitro mutagenesis system (Promega) according to the manufacturer's protocol. The following oligonucleotide primer was used for D133C mutagenesis (Asp 133 to Cys, substitution site is underlined):
5Ј-TCACCTCTCGATTTGCGGCGATCTCTACTTGAACCACG-3Ј
After the mutagenesis reaction, the Xba I/Hind III fragments were ligated to generate the full length LEC-1-D133C cDNA in the pET21a expression vector. The sequence of the mutant was confirmed by DNA sequencing.
Purification of Recombinant Galectins and Preparation of Affinity Adsorbents Expression and purification of recombinant proteins (LEC-1 wild type or D133C) were performed as described previously. 22, 24, 26) The purified recombinant proteins were coupled to HiTrap NHS-activated columns and the slurry was packed into a stainless steel column (4ϫ10 mm; bed volume, 0.126 ml, GL Sciences, Inc.).
Frontal Affinity Chromatography Analysis Frontal affinity chromatography analysis was carried out as described previously. 11, 13, 22) Briefly, PA-oligosaccharides were dissolved in EDTA-PBS (1 mM EDTA, 20 mM Na-Phosphate, pH 7.2, 150 mM NaCl) and applied to the column through a 2-ml sample loop connected to a Rheodyne 7725 injector.
The sample loop and the column were immersed in a 20°C water bath. The flow rate was controlled by a Shimadzu LC-10ADvp pump at 0.25 ml/min. Elution of a PA-oligosaccharide from the column was monitored with a Shimadzu RF10AxL fluorescence detector at 380 nm (excitation at 310 nm). The elution volume (V) of the PA-oligosaccharide of interest was determined as described previously. 12, 22) The elution volume of PA-rhamnose, which has no affinity for galectins, was used as the negative control (V 0 ). The relative binding affinity of the galectin for each oligosaccharide was calculated under conditions where the concentration of each PA-oligosaccharide ([A] 0 ; 10 nM) was negligible compared to the dissociation constant (K d ) between the PA-oligosaccharide and the immobilized galectin. Thus, the elution volume of each PA-oligosaccharide approached the maximum value, V f , which is independent of [A] 0 . The following equation 12, 13, 22) can then be used to compare relative affinities: 
RESULTS
Production and Purification of LEC-1 Wild-Type and D133C Mutant Proteins
In order to obtain recombinant LEC-1 constructs for binding experiments the wild-type LEC-1 and D133C mutant proteins were expressed in E. coli. The proteins were purified by adsorption on asialofetuin-Sepharose and eluted with 0.1 M lactose, confirming that they retained the ability to interact with asialofetuin, presumably via the lactosamine structure on the N-linked sugar chains attached to the polypeptide. Because asialofetuin is abundant in N-acetyllactosamine, that is recognized mainly by LEC-1C, the introduction of mutations in LEC-1N should have The amino acid residues of LEC-1, that form the six-stranded b-sheet facing the bound galactose (strands S1 to S6) based on the X-ray crystal structure, 23) are shown. Amino acid residues at the beginning and the end of each b-strand are numbered. Asp 133 is boxed and Thr 41 is circled. The seven amino acids in LEC-1 that are highly conserved among galectins and are involved in saccharide binding are circled and shadowed.
Fig. 2. Structures of PA-Oligosaccharides Used in This Study
had a minimal effect on the binding, and therefore purification, of the recombinant proteins. SDS-polyacrylamide gel electrophoresis (PAGE) showed that LEC-1 wild-type and D133C recombinant proteins migrated as a single major band (data not shown) with the expected molecular weight (32 kDa).
Comparison of the Binding Properties of Recombinant LEC-1 Wild-Type and D133C Mutant Proteins by Frontal Affinity Chromatography
The sugar-binding properties of the LEC-1 wild-type and D133C mutant proteins were tested by frontal affinity chromatography using purified recombinant proteins immobilized on HiTrap NHSactivated columns. The amount of immobilized wild-type LEC-1 and D133C mutant proteins bound to the gel was 2.4 and 5.8 mg/ml, respectively.
The frontal affinity chromatography system has been previously described. [11] [12] [13] The elution profiles, and the calculated retardation volumes of eight PA-oligosaccharides (see our previous report 22, 24) and Fig. 2 for structures) from immobilized LEC-1 wild-type and D133C are shown in Figs. 2a and b, respectively. The elution pattern of each PAoligosaccharide was overlaid with that of a control sugar, PArhamnose, which does not bind LEC-1 or its mutant. The relative strength of binding of LEC-1 wild type and its D133C mutant for the different PA-oligosaccharides was then compared ( Figs. 3a and b, respectively) . For this comparison the value for PA-001 was arbitrarily set at 1.0.
The elution profiles for sugars PA-001, 002, 004, 023, 041, 042 and 043 were essentially the same for the LEC-1 wildtype and its D133C mutant. Common features in the profiles of sugar binding for the wild-type and D133C LEC-1 mutant were as follows. First, the profiles of PA-001, PA-002, and PA-004 indicate that N-acetyllactosamine-containing, Nlinked, complex type sugar chains interact with both the LEC-1 wild-type and D133C mutant and that the binding was stronger for more branched complex-type sugar chains. Second, a2-6 sialylation of the two 6-OH groups of the galactose residues in the nonreducing ends (PA-023) completely abolished sugar binding to both forms of LEC-1. Third, the LEC-1 wild-type and D133C mutant both had a higher affinity for Galb1-3GlcNAc (PA-042) than for Galb1-4GlcNAc (PA-041). Finally, when the Gal residue at the nonreducing end of the sugar was modified by Fuca1-2 (PA-043; H Antigen), the binding affinity was enhanced. A significant difference in the sugar binding profiles of the LEC-1 wild type and D133C mutant was observed when the 3-position of Gal at the nonreducing end of PA-043 was substituted with GalNAca1-3 (PA-047; blood group A saccharide). Although this modification enhanced the sugar binding affinity for immobilized LEC-1 wild type, the affinity of the LEC-1 D133C mutant for this sugar structure was significantly lower.
DISCUSSION
The mechanism by which galectins recognize specific sugars is a major unsolved question in galectin biology. According to the X-ray crystallographic structure of galectins in complex with their ligand carbohydrates, all eight amino acid residues involved in carbohydrate binding are found on three adjacent b-strands [19] [20] [21] (strands S4 to S6; see Fig. 1 ). There-fore, additional GalNAc and Fuc residues bound to the galactose of the Galb1-4(3)GlcNAc structure should be recognized by amino acids in the neighboring b-strands (S1, S2, or S3) of the galectin.
In a previous study, we found that, although the sugar binding affinity of wild-type LEC-1 was enhanced when the Gal residue at the nonreducing end was modified by Fuca1-2 1256 Vol. 31, No. 6 (PA-043; H Antigen; compared to PA-042), this enhancement was not observed for LEC-1 mutated at Thr 41 (T41A, T41H or T41C mutants). Furthermore, these mutants showed a significant reduction in affinity for the A antigen (PA-047), suggesting that Thr 41 in the b-strand S3 of LEC-1N is important for the recognition of A-hexasaccharide.
The LEC-1 D133C mutant was generated during the course of producing Cys-introduced mutants for crosslinking studies. 27) According to the X-ray crystal structure of LEC-1 in complex with lactose, 23) Asp 133 is located on the b-strand (S2) adjacent to that containing Thr 41 suggesting that the side chain of Asp 133 may also be in position to form hydrogen bonds with the A antigen oligosaccharide. The slight increase in binding affinity of the full-length LEC-1 for A antigen (PA-047) compared to H antigen (PA-043) appears to be due to strong enhancement of LEC-1N binding to A antigen that compensates for the decreased affinity of LEC-1C for this sugar. Therefore, the affinity of full-length wild-type LEC-1 protein for A antigen can be mainly attributed to the N-terminal half domain (LEC-1N). Since the affinity of the LEC-1 D133C mutant for the A antigen (PA-047) was significantly reduced compared to that of the wild type LEC-1, this suggests that Asp 133 as well as Thr 41 contributes to the recognition of A-hexasaccharide by LEC-1.
However, on the other hand, the loss of enhancement of binding affinity for PA-043 (H Antigen) compared to PA-042 (without Fuca1-2 attached to the Gal residue in the non-reducing end) seen in T41A, T41H, and T41C mutants was not observed for the D133C mutant. These results suggest that Asp 133 is important for the recognition of A-hexasaccharide, especially for the GalNAc moiety attached by a1-3 bond to the Gal residue, but is not involved in the recognition of the Fuc moiety attached by an a1-2 bond to the Gal residue.
Frontal affinity chromatography is a very powerful tool for the detection of even slight changes in the binding affinity of a variety of sugar structures. Therefore a combination of frontal affinity chromatography with site-directed mutagenesis of galectins can overcome the difficulties inherent in other procedures for examination of the detailed effects of mutations in galectins on their affinity for multiple sugars structures, as well as for the testing of specific amino acid residues that contribute to the unique binding specificity of each galectin. X-ray crystal structure data of LEC-1 in complex with A antigen are required to confirm that Thr 41 and Asp 133 are in a position to form hydrogen bond(s) with GalNAc or Fuc in the A antigen. However, identification of amino acid residues, located on b-strands other than those on which the conserved amino acids are localized, that contribute to unique sugar recognition, is a significant step for-ward in elucidation of the relationship between the molecular mechanism of sugar recognition by galectins and its unique functions.
